ABSTRACT OBJECTIVE: Minimally invasive operations, such as laparoscopic cholecystectomy and adrenalectomy, result in a more rapid recovery of normal function, less physiological disturbances and less stress to the organism than similar open operations. The purpose of this study was to determine the stress response associated with minimally invasive abdominal surgery compared to conventional small or large incision laparotomy. METHODS: We compared the responses of the stress hormones cortisol and the catecholamines adrenaline and noradrenaline to elective conventional and laparoscopic cholecystectomy and unilateral adrenalectomy in male pigs. Blood samples were taken from all animals at the same time, one day before surgery, at the beginning of the operation, every 15 minutes during surgery and on the first postoperative morning. RESULTS: Plasma adrenaline and noradrenaline concentrations were significantly lower in both cholecystectomies (p<0.05) and adrenalectomies (p<0.01) during laparoscopic than during open surgery. Plasma cortisol levels were significantly lower in laparoscopic than in open adrenalectomies both during surgery and on postoperative day one (p<0.05), while no major differences in cortisol levels were observed between laparoscopic and open cholecystectomies. Thus, the stress-related benefit of laparoscopic surgery depended on the size of the surgical incision in the conventional operation. CONCLUSION: Laparoscopic surgery was associated with less surgical stress than open surgery and this difference was accentuated as the surgical abdominal wall trauma increased.
INTRODUCTION
The maintenance of homeostasis is essential for life. However, this complex dynamic equilibrium is constantly threatened by endogenous or exogenous forces. Stress, defined as a state of threatened homeostasis, is limited by the adaptive response of the organism which consists of complex behavioral, neuroendocrine and cellular changes in both the central nervous system and the periphery. Surgical stress activates a composite response, which includes activation of the stress system, including its peripheral limbs, the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous system as well as the renin-angiotensin axis, all changes vital for survival. [1] [2] [3] [4] [5] The surgical wound, depending on its size, disturbs homeostasis and activates the stress system. [1] [2] [3] [4] [5] [6] [7] In recent years, laparoscopic surgery has been applied both for the diagnosis and treatment of an ever expanding range of diseases, hitherto treated only by open laparotomy. The laparoscopic method has been widely accepted in the treatment of symptomatic gallstones and for removing the adrenal glands. Even though the extent of visceral surgical trauma is similar in the laparoscopic and the corresponding open surgery, the former has the advantages of a much smaller abdominal wall trauma, reduced operating time, rapid mobilization of the patient, early oral feeding, decreased hospital stay and cost as well as a decreased postoperative catabolic reaction, together with less pain and reduced need for analgesics.
The purpose of this study was to compare surgical stress in animals submitted to open and laparoscopic cholecystectomy and adrenalectomy, two operations that in their conventional forms are respectively associated with a small and large surgical incision. We studied the HPA axis by measuring plasma cortisol and the peripheral sympathetic nervous system by measuring plasma concentrations of adrenaline and noradrenaline.
MATERIALS AND METHODS

Animals
Pigs are currently the animal model of choice in many areas of biomedical research, largely because of their anatomical and physiological similarities to humans. We used large male pigs weighing about [25] [26] [27] [28] [29] [30] Kg, crossbreeds of the Landrace and Large White strains. Eight of these underwent cholecystectomy, three (n=3) open and the rest (n=5) laparoscopic cholecystectomy. The remaining eight underwent adrenalectomy, with three (n=3) of them open and the rest (n=5) laparoscopic adrenalectomy.
The accommodation of the animals and their handling were in accordance with the provisions of PD 160/91 on "Protection of animals used for experimental or other scientific purposes in compliance with Council Directive 86/609/EEC.
Preparation of animals
Before the study, the pigs were acclimatized to the environment of the research centre for at least one week and before the procedures were subjected to a clinical examination by a veterinarian. Overnight fasting for 12 hours was imposed to avoid complications such as vomiting during the introduction of anesthesia and resuscitation, and gastric distension. Free intake of water was allowed up to 4-6 hours before premedication.
Premedication
The drugs given as premedication were a combination of atropine sulfate (0.05 mg/kg i.m., Atropine, Demo), butyrophenone, azaperone (5 mg/kg i.m., Suicalm, Jansen-Cilag) and a separator anesthetic, ketamine (10 mg/kg i.m., Imalgen, Merial), which causes immobilization of the animal and heart rate reduction within 10-15 min. The administration of premedication was necessary to avoid causing extraneous stress and to manage the reluctance and potential aggression of the animals during the placing of an intravenous catheter.
Intravenous access
Through a small incision in the neck, we prepared the internal jugular vein. Under direct vision, we placed an intravenous catheter (gauge 18 or 20G, length 2 inches), which was externalized near the right shoulder, to ensure the smooth reception of venous blood during surgery.
Blood samples
Blood samples were taken: one day before surgery, at the beginning of the operation, every 15 minutes during surgery and on the first postoperative morning. An aliquot of 10 ml of blood was taken at each time point. It was divided into two (2) EDTA and two (2) heparinized tubes, placed on ice and centrifuged at 5,000 rpm at 4°C for 10 min. The plasma was stored at -80°C until assayed.
Anesthesia
A vein in the dorsal surface of the earflap was catheterized with a 2-inch 18 or 20 gauge catheter, for the administration of anesthetic. General anesthesia was preferably achieved by intravenous administration of an anesthetic in the ear vein (2.5-3.5 mg/kg propofol -Diprivan 1% w/v; Astra Zeneca), followed by intubation of the animal. Intubation was achieved with the animal in the supine or lateral position, using a laryngoscope with a size 1-4 Wisconsin blade, preferably in the exhalation phase; anesthesia was maintained with a volatile anesthetic (isoflurane) (Forenium, Abbott, 2-3.5% in 2 lt Oxygen).
During the operations, vital functions were monitored by a three-lead hemodynamic monitoring device (Cardiocap CCI-104, Datex, Finland) and a pulse oximeter (OxyshuttleTM2 Criticon, Sensormedics Corp., Yorba Linda, CA, USA), attached to the ear flap.
After anesthesia induction, the left femoral artery was prepared and a catheter was placed width 20 G (Abbott Laboratories) for connection with a pressure transducer. The latter was connected to the hemodynamic monitoring device Cardiocap CCI-104 to follow and record the blood pressure and heart rate (HR).
Surgical procedures
Surgical procedures always began between 8-9 am. They were all performed by the same surgical team at the Centre of Experimental Surgery of the Foundation for Biomedical Research of the Academy of Athens. The cholecystectomy and adrenalectomy techniques were identical between laparoscopic and open surgery.
For the cholecystectomy, the animals were placed in the supine position. Open cholecystectomy was conducted through a supra-umbilical midline incision of about 5-7 cm, 3 cm below the xiphoid process. Laparoscopic cholecystectomy was conducted through the creation of pneumoperitoneum (Hasson approach with a 10mm subumbilical trocar and CO2 insufflation at a flow of 1lt/min). Subsequently, the following trocars were introduced under direct vision: one hypoxiphoid (10mm) and one in the midclavicular line (5mm). During surgery, abdominal pressure was automatically maintained at between 12-14 mmHg. Mean total surgery time was 20 minutes for open cholecystectomy and 30 minutes for laparoscopic cholecystectomy. The blood loss in both types of cholecystectomy was small, about 5-10 cc (Table 1) . For the open adrenalectomy, the animals were placed in the supine position and a midline incision of about 20-25 cm was performed along the linea alba. For the laparoscopic adrenalectomy, the animals were placed in the lateral decubitus position, left side up. The table flexed to elevate the flank and the subject was secured with straps. The positioning of the animal was of utmost importance in this approach. After sterile preparation, a 2-cm incision was made 5 cm below the costal margin midway between the spine and xyphoid. Upon the use of a Kelly clamp and small retractors farabef, we reached the fat of the retroperitoneum. One 11 mm port was placed through the incision into the retroperitoneum and a 10mm camera was placed through the port to ensure correct positioning, carbon dioxide was initiated with a maximum pressure of 15mmHg. Another 10mm port was placed under direct vision along the costal margin anterior to the initial trocar; a laparoscopic grasper was placed through the port and used to ensure adequate working space. Two additional 5 mm ports were placed under direct vision along the costal margin with orientation towards the location of the adrenal gland, one anterior to the initial trocar and one interior to these. All ports were located in the retroperitoneal space. The average operating time of open and laparoscopic adrenalectomy was 30 and 60 min, respectively. Minimal access operations like laparoscopic adrenalectomy require significantly more time to complete than their conventional counterparts (Table 1) .
Recovery
During recovery, the pigs were placed in a warm environment (30°C), with appropriate wall facing to ensure their safety. Their vital functions were monitored continuously to prevent complications. We inspected the surgical site and all catheters placed. Upon receipt of all samples, the animals were sacrificed by intravenous administration of pentobarbital.
Methods of measuring hormones in blood plasma
The measurement of cortisol in plasma was based on the chemiluminescent enzyme immunoassay method and performed using a kit by Roche Diagnostics LTD at the Elecsys 2010 analyser, according to the manufacturer's instructions.
The measurement of plasma catecholamines was performed using High Pressure Liquid Chromatography (HPLC) followed by electrochemical detection. The separation was the result of the combined action of a stationary and a mobile phase. The sample was introduced at the top of the column and, with the help of the mobile phase, catecholamine fractions moved in the form of bands, eventually released sequentially for electrochemical measurement.
Statistical analysis
All laboratory measurements of hormones were conducted in duplicate. Results are expressed as mean ± SEM. Both parametric and non-parametric tests were performed.
RESULTS
Survival, morbidity, complications
After taking all blood samples, the animals were euthanized by administration of a large dose of pentobarbital 24 hours after surgery. None of the animal models undergoing cholecystectomy and adrenalectomy, either laparoscopically or open, showed any complications (fever, bleeding, respiratory failure) during the postoperative period or died until the time of euthanasia.
Cholecystectomy
Small but nonsignificant differences were observed in plasma cortisol values between open and laparoscopic cholecystectomy (Figure 1) . The values of cortisol in laparoscopic surgery were lower than the values in the open operations at the same operative times of 0, 15 and 30 min and similar in the first postoperative day (d1). During laparoscopic surgery, we noted a gradual increase of plasma cortisol, which, however, was clearly lower than the increase in cortisol observed in the open cholecystectomy. Noradrenaline values in laparoscopic surgery were lower than with the open procedure at operative times 0 and 15 (P<0.05), while they were similar at 30 min. On the first postoperative day, the value of noradrenaline in the laparoscopic group was higher than the corresponding value in the open group ( Figure  3) . A statistically significant difference was observed only at time 0, where the value of noradrenaline in the laparoscopic group was lower than in the open group (Figure 3, (P<0.05) ).
Adrenalectomy
We observed significant differences in plasma cortisol values between open and laparoscopic unilateral adrenalectomy (Figure 4 
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The variation of plasma noradrenaline values between the two types of surgery was generally similar to that observed for adrenaline values (Figure 6 , P<0.01).
Hemodynamic parameters
An analysis of the measurements of hemodynamic parameters (heart rate, systolic and diastolic blood pressure, mean arterial pressure, body temperature and hemoglobin saturation in O2) revealed small but significant differences between open and laparoscopic cholecystectomy ( Table 2) . During laparoscopic surgery, mean arterial pressure was significantly lower than in the open procedure. In laparoscopic surgery, we also noted a more significant drop in the heart rate than in the open procedure (Table 1 ). In addition, the acute distension of the peritoneal cavity, induced by the injection of CO2, resulted in elevation of the diaphragm and most likely an increase of heart pressure and, thus, a greater increase in heart rate and mean blood pressure than in the open procedure, where the peritoneal cavity was not dilated at all at 0 minutes.
We observed an increased heart rate and blood pressure during the preparation and removal of the adrenal gland in both open surgery (approximately 15 minutes, Table 2 ) and endoscopic adrenalectomy (30 and 45 minutes). The mean blood pressure (MP) in endoscopic adrenalectomy was maintained at elevated levels compared to the open surgery method.
From the analysis of the hemodynamic parameters-heart rate, systolic and diastolic blood pressure, mean arterial pressure, body temperature-a slight but significant difference between the open and endoscopic adrenalectomy was observed. Acute dilatation of the retroperitoneal space that was created with administering CO2, resulted in the elevation of the diaphragm and a consequent increase in heart Mean hemodynamic parameters during surgery pressure. This resulted in a significant increase in heart rate and mean blood pressure in the laparoscopic surgery (operative time 0 minutes) compared to the open surgery, where the peritoneal cavity was not dilated at all.
DISCUSSION
Early studies of hormonal responses to surgical stress focused on the study of the HPA axis by measuring circulating CRH, AVP, corticotropin (ACTH) and corticosterone or cortisol, the renin-angiotensinaldosterone system by measuring renin (PRA) and aldosterone (Aldo), as well as the sympathetic nervous system by measuring the catecholamines adrenaline and noradrenaline. [1] [2] [3] [4] [5] Several additional hormones were proposed for measuring the body's immune and metabolic response to surgery, such as IL-1beta, IL-6, IL-8 and others. [6] [7] [8] [9] The main and most reliable peripheral hormones that correlated well with the extent of the surgical trauma were cortisol and the catecholamines. In this light, this study investigated the suitability of these hormones for reflecting the body's response to the wounds of open and laparoscopic cholecystectomy and adrenalectomy in an animal model. Morbidity, mortality and the time of recovery and full return of patients undergoing surgical procedures to their usual activities are due to and depend not only on the presence or absence of intraoperative complications, but also on the severity of the surgical wound which also determines the body's stress response. 10, 11 The severity of an abdominal surgical wound is determined by the length of the incision in the skin and the other layers of the abdominal wall, 12, 13 the size of the parietal peritoneal trauma 14, 15 and the manipulations within the peritoneal cavity, mainly in the intestine. 12, 16 An important role is also played by dehydration and heat loss due to the exposure of the intra-abdominal viscera to the environment during laparotomy. Opinions on the degree and importance of each of the above factors are divided. 13, 16 The trauma of open cholecystectomy is generally small. The operative time is short, the incision limited and there are few manipulations in the peritoneal cavity. Thus, the related stimuli for the body's response are small, with no excessive dehydration, heat loss and/or blood loss.
Laparoscopic cholecystectomy, on the other hand, further reduces the surgical trauma, replacing the surgical incision with four small incisions, while it decreases intraperitoneal manipulations. 15 Therefore, the stress response of the body should be more limited. The above view is reinforced by the spectacular results of faster mobilization, nutrition, recovery and the patient's return to his or her normal daily activities.
Other authors have argued that the trauma of laparoscopic cholecystectomy, although lacking the long incision in the abdominal wall, is ultimately no smaller than that of open surgery and thus the body's response is practically the same. They have suggested that: a) the tissue trauma in the form of intraperitoneal manipulations-pulling of the gallbladder and mesentery-are similar in both methods 17 and b) the pneumoperitoneum is an aggravating factor on the surgical wound, because: 1) it causes acute dilatation of the peritoneum and irritation of the peritoneal nerve endings that activates receptors, permanent pressure on the diaphragm during surgery, CO2 absorption by the peritoneum, increased partial pressure in the blood and respiratory acidosis 17, 18 and 2) the commercial CO2 used for creating the pneumoperitoneum is fluid and changes into its gaseous form at its boiling point of 21.1°C. 19 Thus, its prolonged use might cause a drop in body temperature, even though this is at least partially avoided by heating it at 30 to 30.5°C. 20 Other studies have suggested the effect of the pneumoperitoneum is not a major wound-aggravating factor because: a) a significant increase in CO2 and respiratory acidosis in laparoscopic cholecystectomy is observed only in patients with chronic cardiopulmonary failure and preoperative restrictive lung function, [21] [22] [23] [24] b) with increasing surgical experience, the pneumoperitoneum is sufficient even at smaller pressures, 1, 4, 6 and c) the duration of surgery is now considerably briefer than that described in the earlier series. 6 Based on the data of this study, we propose the hypothesis that the creation and maintenance of a pneumoperitoneum may be partially responsible for the small differences in cortisol and catecholamine values observed between laparoscopic and open cholecystectomy. Abdominal distension, diaphragmatic pressure on the heart, the absorption of CO2 and the partial increase of PCO2 in the blood may play roles as stressors that equal the stress of opening of the abdominal wall. In open cholecystectomy, the incision was just 5-7 cm in length and went only through the skin, the subcutaneous tissue and the peritoneum, as it was performed in the hypoxyphoid region, along the linea alba. It was not an oblique subpleural incision, which involves larger and stronger muscle groups, thus potentially creating more stress.
The systemic response to surgical injury is complex and involves psychological and physical stress and neuroendocrine and inflammatory mediators. In humans, there is anticipatory stress that is associated with elevations of cortisol and catecholamines on the day of surgery. The anesthetic management has also been related to the level of surgical stress of the patient. Similarly, the type of ventilation strategy, administration of sufficient pain relief, adequate resuscitation and the utilization of rapid-onset and short-acting volatile anesthetic agents are all an integral part of the surgical stress response. 25 The similarity of catecholamine and cortisol responses between laparoscopic and open cholecystectomy during the first postoperative day was unexpected because in humans laparoscopic cholecystectomy requires less analgesics, produces less ileus and is characterized by faster recovery, suggesting decreased surgical stress than in the open procedure.
In unilateral adrenalectomy, cortisol, adrenaline and noradrenaline were significantly higher in the group of animals that underwent open rather than laparoscopic surgery during the operative period. Our results here clearly show that open is more stressful than laparoscopic adrenalectomy, but less so in the immediate postoperative period. To avoid influencing the study of surgical stress by different surgical skills, the entire experimental study was done by two and the same surgeons.
The body's stress response in the two different types of surgery, open vs. laparoscopic, has been studied to some extent; however, there is considerable disagreement in the existing literature. Reduced adrenaline and noradrenaline values after laparoscopic cholecystectomy were reported in earlier studies and this is consistent with our controlled study. 6, 15, 23, 26, 29 On the other hand, when examining the HPA axis, the majority of earlier studies reported great differences in cortisol levels between laparoscopic and open cholecystectomies, 8, 9, 15, 26, 29, 30 while a few showed no such differences. 7, 17 Our well controlled study confirms the results of the latter and our explanation for this is that the stress of the small surgical incision is not greater that the stress of the laparoscopy incisions, the pneumoperitoneum, etc. of the laparoscopic surgery.
Endoscopic adrenalectomy is one of the most "minimally invasive" techniques of modern surgery. It has been distinguished according to the access as retroperitoneal endoscopic adrenalectomy or as laparoscopic adrenalectomy when using the transabdominal approach by the creation of pneumoperitoneum. 31, 32 From 1992, when the first patient with an adrenocortical adenoma causing Cushing syndrome had laparoscopic adrenalectomy, it has emerged as the surgery of choice for the treatment of benign, functional and non-adrenal tumors. 33 It has spread widely, unlike retroperitoneal endoscopic adrenalectomy. This is partly due to the improvement of laparoscopic tools, but mainly to the fact that this type of laparoscopic surgery is accompanied by very little blood loss, low morbidity, short hospital stay, rapid return to normal physical activity and work in combination with the excellent esthetic results and much fewer postoperative hernias in comparison with open adrenalectomy. 34, 35 Aldosteromas are the most frequent indication for laparoscopic adrenalectomy and account for one third of such procedures performed today. Cortisolsecreting adrenocortical adenomas causing Cushing syndrome represent a smaller percentage. Laparoscopic adrenalectomy is applied in most but not all cases of pheochromocytomas, mainly for technical reasons. 36 Additional studies with a larger number of experimental models, which will confirm that the body's metabolic and neuroendocrine response is more limited in laparoscopic than in open, cholecystectomy and adrenalectomy, are awaited. We conclude that the systemic stress response, as assessed by determining the levels of serum catecholamines and cortisol in animal models undergoing cholecystectomy and adrenalectomy, is significantly reduced in the laparoscopic compared to the open procedure. 35 During laparoscopic surgery, the pneumoperitoneum appears to be a major stressor comparable to that of surgical incisions and the manipulations made by the surgeon during open surgery.
